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C p : pressure coefficient (= ρ As the maximum speed of Shinkansen trains becomes higher in Japan, the lateral vibration of the trains has recently become a subject of discussion especially concerning riding comfort. This phenomenon has the following characteristics. (1) The vibration amplitude of the train in tunnel sections is more noticeable than in open sections (non-tunnel sections), and (2) it gradually increases from the head toward the tail of train set.
As one of the factors causing the phenomenon, track irregularity was considered at the initial stage. However, there was no correlation between the vibration and the track irregularity in the tunnel sections 1) . Another factor, namely aerodynamic force, has also attracted attention. Thus, the aerodynamic force on the real trains has been measured 2) .
In this study, the running test data were reanalyzed systematically to clarify the aerodynamic force. Furthermore, a numerical simulation was carried out to reveal its mechanism. From the above, the following are presumed. Some large-scale organized structures exist in the space between the tunnel wall and the train. These flow structures develop from the head toward the 6th ～ 8th cars and become steady thereafter to the tail of the train set. The flow separates at the tail with large pressure fluctuation 3) .
3. Numerical Simulation 3. Numerical Simulation 3. Numerical Simulation 3. Numerical Simulation 3. Numerical Simulation
In general, flow structures such as vortices are diffused and dissipated in the turbulent boundary layer.
However, as described in the preceding section, the coherent structures are developing and remain around the train. Here, the numerical simulation was performed to reveal its mechanism.
Method
3.1 Method 3.1 Method 3.1 Method 3.
When a train enters a tunnel, a pressure wave is generated to travel between the two portals of the tunnel. When the train does not encounter this pressure wave, the flow around the train becomes quasi-stationary and is to be treated as an incompressible flow. By postulating this situation, the three-dimensional unsteady incompressible Navier-Stokes equation is used as the governing equation.
The numerical scheme is based on the well-known MAC method 4) . All spatial derivatives, except nonlinear terms, are represented by the second-order central-difference scheme. The nonlinear terms are represented by the third order upwind scheme 5) which enables resolving turbulent eddies. The Euler implicit scheme is employed for time integration. Computations are done on a generalized coordinate system. Figure 4 presents the grid systems used for the computation. Convexities and concavities like bogies, pantographs and couplers are omitted in the grid. Although there are no gaps between cars, our model has a length of six cars. The number of grid points are 1.98 million in the open section and 1.76 million in the tunnel section, respectively.
The Reynolds number is set at 10 5 based on the train height. largely both at the head and the tail of the train. At the head, the pressure rises, falls and then recovers because the flow decelerates and accelerates along the curve of the nose shape. On the middle part of the train, the pressure remains at the same level. At the tail, the pressure changes along the curve of the nose shape. This change is not as large as that at the head because of the boundary layer and its separation.
Results and discussion
In the tunnel section, there is a reduction of the flow area at the head of the train and an expansion of the flow area at the tail. This results in larger pressure changes than in the open section. On the middle part of the train, pressure decreases toward the tail of the train to balance with the surface frictional force. Besides this trend of the pressure on the middle part of the train, there is remarkable pressure fluctuation observed on the tunnel wall side, while there is small pressure fluctuation on the tunnel center side. This fluctuation tends to increase from the head toward the tail. This tendency agrees with the running test results (Fig. 3) . Figure 6 displays the time development of the pressure difference on the 5th car. A pressure pattern moves leeward while maintaining the same waveform. This pressure pattern is qualitatively coincident with that of the running tests (Fig. 2) . Figure 7 plots the pressure distribution along the tunnel wall side and the vorticity magnitude distribution at the center of the space between the tunnel wall and the train. The vertical axis indicates the non-dimensional vorticity distribution. A good correlation is observed between the pressure and the vorticity magnitude. This result suggests that pressure fluctuation is generated on the side of the train when the vortices pass. Figure 8 demonstrates the non-dimensional z-directional vorticity distribution on the plane under the train. In the open section, the vortices arise around both edges of the train bottom. These vortices develop from the head toward the tail. It is believed that the flow instability originates from the boundaries between the flow under the train and that on the side of the train, whose velocity Since the present computation, which excludes the vibration of the train itself, successfully simulated the unsteady aerodynamic force, it is postulated that the vibration of the train in the tunnel is mainly due to a forced vibration by the aerodynamic force. Although the feedback of the vibration of the train to the flow field is presumed to be small, further studies are necessary. profiles are different from each other. In the tunnel section, though vortices also arise, the tunnel wall restricts the development of the vortices in the horizontal direction. Figure 9 displays the vorticity magnitude distribu-
